Abstract-Ionic polymer-metal composite (IPMC) actuators have many advantages, for instance, they: 1) can be driven with low voltages (<5 V); 2) are soft, flexible, and easily shaped; and 3) can operate in an aqueous environment (such as water). Important applications for IPMCs include active catheter devices for minimally invasive surgery, artificial muscles, and sensors and actuators for biorobotics. Due to inherent nonlinear behavior, dynamic effects, and external disturbances, sensing and feedback control are required for precision operation. A new method to sense the displacement of an IPMC actuator using resistive strain gages is proposed. The sensing scheme is low cost, practical, effective, and importantly, compact compared to existing methods such as lasers and charge-coupled device (CCD) cameras. The strain-to-displacement relationship is developed and experimental results are presented to demonstrate the effectiveness of the sensing scheme. Furthermore, the sensor signal is used as feedback information in a repetitive controller to improve the tracking of periodic motion. The stability condition for the controller is presented, and the sensing scheme and feedback control approach are applied to a fabricated perfluorinated ion-exchange-membrane-based IPMC actuator with lithium as its counterion. Experimental results show that the tracking error can be reduced by approximately 50% compared to PID control for tracking of periodic signals, including sinusoidal and triangular wave forms.
like robot [10] . The walking speed of the jellyfish robot was controlled through the frequency of the input voltage applied to the IPMC-based legs. Likewise, the caudal fin to propel a robotic fish was created from an IPMC with an achievable peak swimming speed reported at 22 mm/s [11] . However, IPMC actuators can play a critical role in the development of highlymaneuverable biorobotic vehicles, e.g., the system described in [12] .
Having the capability to measure the performance of the actuator is critical for modeling [13] , [14] and active control of IPMC actuators to compensate for nonlinearities, dynamic effects, and external disturbances [15] [16] [17] . The sensing methods for IPMCs can be grouped into two broad categories: 1) integrated or 2) nonintegrated sensors. In the first category, the sensor is either part of the composite material (self-sensing), permanently attached, or embedded within the composite material. For example, the mechanoelectrical transduction ability of IPMC materials can be exploited to create IPMC-based sensors, such as for prostheses [2] . Because IPMCs can function both as a sensor and actuator [18] , an IPMC with patterned electrodes for self-sensing has been proposed [19] [20] [21] . This method involves creating two isolated regions of the composite material, one for actuation and one for sensing deformation. The selfsensing approach is compact; however, the major challenges are ensuring that the actuating and sensing electrodes are properly isolated to overcome feedthrough or cross-coupling issues [20] , [21] and accounting for sensor nonlinearity [18] . Another example is bonding polyvinylidene fluoride (PVDF) thin films to the surface of an IPMC actuator [22] . In this case, thin-film sensors are preferred to minimize the effect of the attached sensor on the natural behavior of the IPMC actuator during normal operation. However, feedthrough between the applied voltages to the IPMC electrodes and the attached sensor via the insulating layer must be carefully considered [22] .
Nonintegrated sensors include lasers [23] , charge-coupled device (CCD) cameras [24] , or force sensors [25] that may or may not come into physical contact with the actuator, to measure the IPMC's response for feedback control. Laser displacement sensors are by far the most common because they are ubiquitous and easy to use. The sensing range for lasers typically falls between 1 mm and several hundred millimeters, with resolution down to 1 μm, and the bandwidth is up to a few kilohertz. Most laser displacement sensors use the principle of optical triangulation. A visible modulated point of light is projected onto the target surface, such as the platinum electrode of an IPMC actuator. An optical receiver element, for example, a high-sensitivity resolution element (CCD array), positioned at a certain angle to the optical axis of the laser then images the diffused light spot. A controller calculates the distance based on the measurement of the CCD array. Laser displacement sensors are relatively inexpensive and the light beam can penetrate water as well as many types of transparent layers, such as acrylic plastic. Practically speaking, however, the disadvantage is the sensor head and controller electronics are bulky, thus precluding their use in small and lightweight autonomous systems. Additionally, the output can vary with surface reflectivity. Charge-coupled device cameras and computer software can be used to estimate the IPMC's deformation [24] . Like lasers, they too are bulky and not practical for microautonomous systems. A more compact approach is the capacitance-based method that locates the functioning IPMC between two parallel plates [26] . In general, the majority of nonintegrated sensors are too bulky for sensing and control in small IPMC-based autonomous systems. The need for a more compact and low-cost solution motivates this paper and in the following, strain gages are proposed as a viable sensing scheme for IPMCs.
The contribution of this paper is the integration of a resistive strain gage with an IPMC actuator to create a compact actuator/sensor system. Therefore, traditionally used sensors such as lasers, which are sensitive to surface reflectivity and bulky, are not required for feedback control. As shown in Fig. 1 , small resistive strain gages can either be glued to the surface of an IPMC actuator or embedded into the polymer material through solution casting or other fabrication methods. Aside from being compact, these sensors are also flexible, lightweight, and low power, and have high resolution and sufficient bandwidth. Multiple strain gages can be used to sense deformation in multiple directions, such as in IPMCs capability of bending and twisting motion [27] . Likewise, strain gages can be potentially integrated with emerging IPMC manufacturing techniques [28] . The application of the strain gage is further demonstrated by developing a discrete-time repetitive controller (RC) that acts on the measured signal from the strain gage for tracking of periodic reference trajectories. It is pointed out that any control approach that requires real-time information of the IPMC's deformation can benefit from the proposed sensing scheme, for example, robust and adaptive feedback control [15] , [16] . However, the RC approach is specifically chosen because it is well-suited for applications where the actuator's motion is required to be periodic in time. A good example of this is the oscillatory motion of an IPMC-based caudal fin for underwater propulsion [29] . In general, most applications that require an IPMC actuator to move in a periodic fashion, including active endoscopes [3] , can benefit from the RC approach. The fabrication of the compact actuator/sensor system and a model for estimating the actuator's displacement given a strain value are discussed. In addition, the limitation of the strain gage sensing scheme is also highlighted.
II. IPMC MANUFACTURING PROCESS
IPMC actuators used for the experiments are customfabricated by using standard techniques [6] , [30] . Specifically, the perfluorinated ion exchange membrane is created by using a hot press and molding process, followed by applying a layer of platinum on the outer surface of the membrane using an electroless plating process, then infusing lithium as a counterion. First, a pretreatment is performed on the ion exchange membrane prior to electroding to eliminate organic and metallic impurities. Basically, the membrane is heated to 80
• C in 3% hydrogen peroxide (H 2 O 2 ) and 15% nitric acid (HNO 3 ). Next, the membrane is immersed for 3 h in the platinum complex solution prepared with tetraamineplatinum (II) chloridemonohydrate ([Pt(NH 3 ) 4 ]Cl 2 ·H 2 O, Aldrich). Subsequently, the membrane is rinsed with deionized water. For the initial metalization of the membrane surface with platinum particles, the membrane is reduced in a sodium borohydride (NaBH 4 , Aldrich) solution for 3 h. The membrane is additionally run through the platinum electroding process to increase the surface conductivity. Finally, the H + cation within the membrane is exchanged to Li + by using 1M lithium chloride (LiCl, Aldrich) solution, soaking the IPMC for 24 h.
A. Control Hardware Design and Dynamics Model
A custom voltage/current amplifier is developed to control the bending motion of the IPMC actuator. Fig. 2 (a) and (b) shows the circuit block diagram and fabricated circuit board 1 for the amplifier, respectively. The amplifier is a class-B, emitter-follower design with feedback to minimize crossover distortion [31] . In voltage mode, the voltage difference across the electrodes of the actuator is used as feedback information, as shown in Fig. 2(a) . In current mode, resistor R s (1 Ω, 5 W) functions as a current sensor. The measured unloaded bandwidth (−3.01 dB) in voltage mode exceeds 100 kHz. Likewise, the measured crossover distortion at different input frequencies using a 1 V triangle input signal for a 4 Ω resistive load is shown in Fig. 2(c) . At frequencies less than 1000 Hz, the maximum crossover distortion is less than 2%.
The custom-designed voltage amplifier is used to drive the fabricated IPMC actuator (dimensions: effective length L = 45 mm, w = 15 mm, and t = 0.5 mm), and the open-loop response of the actuator to a square wave input is shown in Fig. 3 , measured with a laser displacement sensor (Micro-Epsilon, optoNCDT 1402). The IPMC initially responds by bending to a maximum value, then slowly back-relaxes over a period of 50 s [6] . It is noted that in the experiments, two IPMCs with thickness of 0.5 and 1.0 mm are used. 
III. STRAIN GAGE FOR DISPLACEMENT MEASUREMENT

A. Governing Equations
For position control of active material actuators including piezoelectric actuators, resistive strain gages are commonly used [32] , [33] . One of the advantages of strain gages is that they are compact, thin, and flexible and can easily be bonded to an actuator's surface. Resistive strain gages are made of either a small-diameter wire or thin layer of conducting foil encapsulated in an insulating material. When used with an IPMC actuator, the packaging eliminates cross-coupling effects between the applied voltage to the IPMC electrodes and the attached strain gage.
A standard strain gage with nominal resistance R o is shown in Fig. 4 (a), where it is aligned such that the gage axis is parallel to the axial direction indicated by a. When the (wire or foil) gage is elongated, the resistance changes with respect to the strain field. Therefore, the unit change in resistance is
when the transverse strain t is zero. Likewise,
when the axial strain a is zero. The constants F a and F t are the axial and transverse strain sensitivities, respectively. On the other hand, when a gage is calibrated in a biaxial strain field in which the gage is mounted to a material of known Poisson ratio (e.g., ν o = 0.285) in accordance with ASTM Standard E251-86(12), the unit change in resistance is
where G f is the gage factor, a value that is typically provided by the strain gage manufacturer [34] . In general, when the gage is subjected to strains in both the axial and transverse directions, the total change in resistance is obtained by the sum of (1) and (2); hence,
where K = F t /F a is known as the transverse sensitivity factor, a value often provided by the manufacturer or it can be determined experimentally [35] , [36] . The transverse sensitivity factor indicates the effect of the transverse strain on the total indicated strain from the gage. This value can be positive or negative and depends on many factors including the material of the wire or foil gage. It is emphasized that if the value of K for a given strain gage is greater than 3% and the traverse strain exceeds the axial strain, then an error greater than 4% will result [34] . The gage factor and the axial and transverse strain sensitivities are related by setting t = −ν o a , and then, equating (3) and (4); hence,
If a single gage is used to measure strain under biaxial conditions differing from those of calibration, an error will result [34] . Particularly, in IPMCs, it is believed that deformation is caused by swelling-induced strain in the boundary layers near the electrode region [37] , [38] . The swelling effect can be biaxial in nature and occurs due to migration of water molecules in the boundary layer. Therefore, if a strain gage is mounted to the surface of an IPMC actuator, the biaxial nature of the induced strain and the transverse sensitivity factor, if significant, must be taken into account. To do so, two identical strain gages, labeled as 1 and 2, are mounted orthogonal to each other, as shown in Fig. 4(b) . Specifically, gage 1 is aligned in the direction of the desired strain and gage 2 is aligned normal to the desired strain direction. When the gages are subjected to an unknown biaxial stress field, application of (3) to (5) results in the following relationships [34] :
where¯ 1 and¯ 2 are the indicated axial strains for gages 1 and 2, respectively. It is noted that if the transverse sensitivity factor is ignored (K = 0), then 1 =¯ 1 and 2 =¯ 2 . The indicated axial strains in terms of the unit change in resistances arē
for i = 1, 2. Substituting (8) into (6) and (7), the unit change in resistances for gages 1 and 2 as a function of the actual axial strains are 
B. Circuitry
Due to the minute changes in resistance corresponding to strain, the strain gage is often connected to an electric circuit such as a Wheatstone bridge. For instance, the quarter-bridge circuit shown in Fig. 4 (c) produces a change in the output voltage V 1/4 as a function of the unit change in resistance ΔR/R o of the strain gage
where V e is the gage excitation voltage. The gage excitation voltage is kept relatively low (≤5 V) to avoid self-heating that can degrade the performance of the gage [39] . The thermal conductivity of the surrounding environment should also be taken into consideration, especially when gages are used with IPMCs as they are commonly operated in an aqueous environment, such as water. However, temperature compensating can be accomplished by using two gages [34] . By neglecting the bridge nonlinearity, the change in the output voltage as a function of the unit change in resistance is
Likewise, for a half-bridge circuit, V 1/2 = 2V 1/4 . Since the achievable strain for an IPMC actuator is typically less than 1%, the change in resistance of the gage is relatively small, and thus, the bridge voltage is amplified by the differential amplifier, as shown in Fig. 5 . By selecting R 1 = R 2 and R 3 = R 4 , the output voltage is
where
] is the amplifier gain, B = 1/4 for a quarter-bridge circuit, and B = 1/2 for a half-bridge circuit. It is pointed out that strain gages can detect relatively high-frequency strains, and the bandwidth of the sensor is often limited by the bandwidth of the signal conditioning circuitry (amplifier circuit). In the experiments to follow, the bandwidth of the strain amplifier is 10 kHz, which is significantly higher than the actuator's positioning bandwidth. When two identical gages are used and arranged, as shown in Fig. 4(b) , the true axial strain in each gage, 1 and 2 , as a function of the gage characteristics and circuit parameters can be obtained by substituting (9) and (10) into (13) . Specifically, the axial strains for gage 1 and gage 2 are
where V s,1 and V s,2 are the indicated axial strains, i.e., measured strain signals from gage 1 and gage 2, respectively.
C. Mounting Considerations
A widely used general-purpose adhesive for attaching strain gages is cyanoacrylate-based fast-acting adhesive such as those sold under trade names like Super Glue and Krazy Glue. Cyanoacrylate-based adhesives are simple to use, can withstand strains up to 15%, require no mixing, and can operate over a temperature range of −32 to 65
• C. Unfortunately, the adhesive is sensitive to moisture and a protective coating is required for wet environments. Additionally, it is not recommended for use over long periods of time due to embrittlement with age. Epoxies, such as the type where polymerization occurs at room temperature or those that require external heat for polymerization, are often preferred for standard applications because of their excellent moisture and chemical resistance, minimal shrinkage, and good bonding strength with a wide variety of materials. Epoxy adhesives can operate over a wide range of temperatures, from cryogenic to levels beyond 300
• C. In this paper, rubber-based water insoluble adhesive with toluene solvent (such as Surebonder 9001 or Loctite Stik'n Seal Original) is used for mounting the strain gage to the surface of the IPMC actuator. This type of adhesive is chosen because of its superior water resistance and flexibility upon cure to avoid delamination problems. A simple experiment is done to determine the shear stress at failure. A small sample of Kapton film (approximately 500 mm 2 ) is used to simulate the strain gage, then it is attached to an IPMC sample with platinum electrodes. Upon curing, the glued samples are allowed to soak in water for 12 h, and then, are pulled apart. The shear stress at failure fell between 179 and 246 kPa for the two adhesives mentioned earlier. In contrast, other adhesives including marine epoxy failed at as low as 33 kPa.
The procedures for mounting the gage are as follows. First, the IPMC actuator is sufficiently hydrated in deionized water (approximately 12 h), then the surface of the actuator is quickly dried with a clean and dry cloth. Immediately following, the surfaces of the strain gage and the IPMC electrode are cleaned, for example, using isopropyl alcohol. Next, both surfaces are coated with a thin layer of the adhesive. The gage is applied to the surface of the IPMC and held in place under pressure using a small clamp for 12 h. Afterward, a resistance meter is used to check for proper electrical isolation among the gage, leads, and the IPMC's electrode. The recommended resistance is 10 kΩ minimum [34] . Prior to use, wires are carefully soldered and all exposed electrical surfaces are waterproofed by coating them with a thin layer of adhesive to minimize feedthrough between the applied input voltage and strain signal. The integrated IPMC actuator/sensor device is then soaked in water for at least 12 h before use. It is noted that attaching the gage to a hydrated IPMC Fig. 6 . Experimental setup using mechanical wave driver to displace IPMC cantilever to compare the displacement measured using a laser sensor and the strain gages' response. A 0 • /90 • tee-rosette strain gage is used to measure the axial and transverse strains.
minimizes the effects of excessive shrinkage of the material as the adhesive cures. Additionally, gages are mounted to the top and bottom surfaces of the IPMC to form a half-bridge configuration that further helps to compensate the effects of induced curvature due to material shrinkage. The effects of shrinkage when the gage is mounted can induce residual strains, and this effect presents a major challenge. Future study will focus on embedding the strain gage into the polymer material during the fabrication process to address this problem.
D. Measured Performance
Experiments are performed to study the feasibility of the strain gage for sensing displacement of an IPMC actuator mounted in the cantilever configuration. Fig. 6 shows a photograph of a small 0
• /90
• tee-rosette strain gage package (Omega KFG-3-350-D16-11L1M2S, R o = 350 Ω, gage length of 3 mm, G f = 2.10 ± 1.0%, and K ≈ 0.02) bonded to the surface of a 45 mm × 15 mm × 1 mm IPMC actuator near its clamped end. The tee-rosette gage consists of two strain gages mounted orthogonal to each other to provide axial and transverse strain measurement. For the first experiment, a mechanical wave driver (Pasco, model SF-9324) is used to displace the free end of the IPMC actuator in air, where w represents the input signal to the wave driver. The movement of the free end of the cantilever, x, is measured by a laser sensor (Micro-Epsilon, model optoNCDT 1402) for comparison. The mechanical wave driver displaces the IPMC cantilever over a range of ±0.5 mm in a sinusoidal manner at 0.1, 1, 5, and 10 Hz. The signals from the laser sensor x s and the strain gage V s are compared on a normalized scale (equivalent to tip displacement of ±0.5 mm), as shown in Fig. 7 . The results show good correspondence between the strain signal and tip displacement measured by the laser. However, at relatively low frequencies (e.g., 0.1 Hz), the strain signal exhibits drifting effect as well as its phase leads the displacement signal. The low-frequency phase lead of the strain signal is believed to be attributed to viscoelastic effects of the polymer membrane.
In the second experiment, a square wave input voltage (amplitude 1 V) is applied to drive the IPMC actuator in both air and water. Fig. 8 compares the resulting bending motion measured by the laser sensor (dash line) and strain gage (solid line). Both the strain gage's and laser sensor's response are virtually indistinguishable for measuring the IPMC's low-frequency bending response, as indicated in Fig. 8(a) , operating in air. A good match is also observed at a higher frequency 0.5 Hz input signal, operating in water, as shown in Fig. 8(b) . In this case, both sensors recorded the dominant oscillating behavior of the actuator. The oscillatory behavior is caused by the actuator's mechanical resonance at approximately 10 Hz (see Fig. 9 ). However, a notable difference exists due to the effects of higher order modes. The difference in the sensors' response is also noted in the measured frequency response above 10 Hz, as shown in Fig. 9 . 
E. Strain-to-Displacement Relationship
For a typical IPMC strip actuator mounted in the cantilever configuration, the control variable is often the tip displacement. A strain-to-displacement relationship is developed to predict the bending displacement of the IPMC actuator from the measured strain. The analysis assumes that the IPMC's bending response follows that of a isotropic cantilever beam, as shown in Fig. 10(a) [40] , [41] . Let x(y, t) denote the displacement from the neutral axis of an element at the distance y from the fixed end [see Fig. 10(b) ]. Given a strain measurement (y 1 , t) at location y 1 and time t, the objective is to determine the transverse displacement x(y d , t) at y d and time t for feedback control.
For the cantilever beam shown in Fig. 10(a) , it is assumed that the following general equation of motion holds:
∂y 4 = F (y, t) (16) where ρ is the density, A is the cross-sectional area, E is the Young's modulus, I is the moment of inertia, and c(y) and F (y, t) are the damping coefficient and applied load per unit length, respectively. The solution, the transverse displacement, to the equation of motion (16) is obtained by separating x(y, t) into two independent components: spatial and temporal.
Therefore, the total solution is the superposition of the motion of each natural mode χ n (y) of the beam
where n indexes the modes and φ n (t) composes of the harmonic oscillations of the natural modes. The solutions to χ n (y) and φ n (t) depend on the boundary and initial conditions for the beam, respectively, [42] .
To relate the strain to the transverse displacement of the beam, consider that the tensile stress σ(y, t) at a point of the beam is equal to −M (y, t)c/I, where c is the distance from the point to the neutral axis. Hence, from Hooke's Law for pure bending
(18) Therefore, the strain at the surface of the beam, a distance of c = h/2 from the neutral axis, is related to the transverse displacement by
If it is assumed that the motion of the cantilevered IPMC can be approximated by a finite number of modes, ∂ 2 χ n (y)/∂y 2 can be calculated, allowing for the solution of φ n (t) given the strain measurement (y, t). Finally, the transverse displacement x(y, t) is found by (17) .
To illustrate the application of the aforementioned method, consider the measured frequency response shown by the dash line in Fig. 9 . The response is measured near the free end of the cantilever, y ≈ y d , using the laser displacement sensor. The result indicates that the displacement is heavily dominated by the first mode up to a frequency of 20 Hz; therefore
where y 1 is the location along the length of the beam in which the strain gage is attached. Since the motion is dominated by the first mode, the signal from one strain gage is sufficient for determining the displacement. In this case, the strain gage should be located away from y = L, such as near the camped end of the beam, for improved sensitivity because
IV. CONTROLLER DESIGN
Repetitive control is well-suited for tracking periodic trajectories [43] , [44] as well as rejecting periodic disturbances [45] , [46] . The control structure is based on the internal model principle. Compared to traditional proportional-integral (PI) or PID feedback controllers [4] , where careful tuning is required and the residual tracking error persists from one operating cycle to the next, RC has the ability to reduce the error as the number of operating cycles increases [47] . It is pointed out that RC can also be "plugged into" to an existing feedback controller to enhance the tracking of periodic trajectories. The key feature of RC is a signal generator within the feedback loop (see Fig. 11 )-the signal generator provides infinite gain at the fundamental frequency of the reference trajectory and its harmonics [43] .
Let R(z) be the z-transform of a given periodic reference trajectory with period T p . The pure delay z −N within the inner positive feedback loop creates a signal generator, where N = T p /T s and T s is the sampling period. It is assumed that the inputoutput dynamics of the IPMC actuator is linear and represented by G(z), where z = e j ω T s , for ω (0, π/T s ). The low-pass filter for stability and robustness is denoted by Q(z), and P (z) = z m (where m is a nonnegative integer) is a positive phase lead compensator to enhance the performance of the RC feedback system. Specifically, P (z) provides θ(jω) = mT s lead in phase.
By inspection, the transfer function of the signal generator that relates the signals E(z) to A(z) in Fig. 11 is given by
Without the low-pass filter Q(z) and positive phase lead compensator P (z), the poles of the signal generator are 1 − z −N = 0. Therefore, the RC controller provides infinite gain at the harmonics of the periodic reference trajectory for tracking periodic trajectories. One drawback, however, is the large gain of RC at high frequencies that can lead to instability of the closed-loop system. Therefore, practical RC design incorporates a low-pass filter Q(z) to address the stability and robustness issues. For simplicity, a low-pass filter of the form Q(z) = a/(z + b), where |a| + |b| = 1, is chosen. Alternatively, the zero-phase filter can also be considered [48] .
Achieving a stable closed loop is one of the main challenges of RC. In the following, the conditions for stability are discussed. Let H(z) = Q(z)z (−N +m ) and G 0 (z) = k rc G(z), where k rc is referred to as the RC gain. It is assumed that the reference trajectory R(z) is periodic in time, and thus, has a discrete frequency spectrum. The transfer function relating the reference trajectory R(z) and the tracking error E(z) is By using (23) , the RC block diagram in Fig. 11(a) is simplified to the equivalent interconnected system, as shown in Fig. 11(b) .
Replacing z = e j ω T s , and since 1 − H(z) is stable, the positive feedback system in Fig. 11(b) is asymptotically stable by the small gain theorem [49] when
and setting the transfer function of the IPMC to G(e j ω T s ) = A(ω)e j θ(ω ) , where A(ω) > 0 and θ(ω) are the magnitude and phase of G(e j ω T s ), respectively, (24) is simplified to
By observing that e j θ = cos (θ) + j sin (θ) and requiring k rc > 0, (26) 
Therefore, by picking a sufficiently small k rc , stability of the closed-loop system is guaranteed. It is noted that the lead compensator P (z) compensates for the phase lag caused by the lowpass filter Q(z), and thus, can be used to improve the tracking performance [50] . Because N m, the modified delay z −N +m is causal and can easily be implemented digitally. Additionally, the RC gain k rc can be adjusted to improve the closed-loop robustness and the rate of convergence of the tracking error.
V. EXPERIMENTAL RESULTS AND DISCUSSION
The experimental IPMC control system is shown in Fig. 12 , where the actuator is submerged in deionized water. Two 0
• tee-rosette strain gages are used, one bonded to the bottom and one bonded to the top surface of the actuator to form a half-bridge configuration. From the clamped end, the gages are located at y 1 = 5 mm. The effective length of the IPMC actuator is L = 45 mm, and w = 15 mm and h = 0.5 mm. The actuator's tip displacement is measured by the laser sensor pointing at approximately y d = 42 mm from the fixed end. Based on the measured frequency response in Fig. 9 , it is assumed that the bending motion is dominated by the first mode of vibration. It is also pointed out that the deformation range of the actuator is kept relatively small (±0.5 mm) to avoid nonlinearities as well as nonlinearities associated with the laser displacement sensor that is used for comparison. A linear dynamics model is obtained by curve-fitting the measured frequency response of the IPMC actuator, where the model is given by the following transfer function:
where ζ = 0.067, ω n = 62 rad/s, a = 28, and k 0 is the sensor gain. The model is shown by a dash-dot line in Fig. 9 . A discrete-time model G(z) is created by using MATLAB's ''c2d" command with a sampling period of T = 1 ms for designing the two controllers in discrete time. It is noted that the dominant resonant frequency of the actuator (see Fig. 9 ) measured in water is approximately 9.87 Hz. The RC is first simulated in the MATLAB Simulink software, where the system is represented by the linear dynamics model G(z) to determine the controller parameters prior to implementation. The RC parameters are chosen as k rc = 1.2 and m = 6 based on the discussion in Section IV. The pure delay is designed as N = 2000 (0.5 Hz), N = 1000 (1 Hz), N = 666 (1.5 Hz), and N = 500 (2 Hz). For stability considerations, a low-pass filter Q(z) with a cutoff frequency of 7 Hz is chosen. The controller is implemented by using MATLAB xPC Target environment using the sampling rate of 1 kHz. For comparison, a discrete-time PID controller is designed with gains k p = 1.0, k i = 10, and k d = 0.01, and closed-loop sampling frequency of 1 kHz. Both controllers use the strain gage signal for feedback information. In the first experiment, a square wave reference signal is applied to both controllers and the experimental results are shown in Fig. 13 . The results are at steady state, recorded after the seventh period. The PID controller shows a response with significantly more overshoot, 50.0%, compared to the RC with 14.9% overshoot. The settling time for both controllers is approximately the same at 200 ms. It is noted that because the low-pass filter Q(z) (used to ensure stability) has a cut-off frequency of 7 Hz, there is a tradeoff between the performance of the RC and stability. Table I lists the maximum (e max ) and root-mean-squared (e rms ) tracking error for 0.5, 1.0, 1.5, and 2.0 Hz, computed as a percentage of the total output range (1 mm).
With the PID controller, the maximum tracking error for the sine and triangle reference trajectories are relatively large, for example, they exceed 16% at 1 Hz and above. At a scan rate of 2 Hz, which is 20% of the first resonance, the tracking error for PID control is 23%. However, by applying the RC, the measured tracking error is reduced significantly, for example, at 0.5 Hz, the maximum error with RC is 4.5% compared to the 9.5% with PID control. Therefore, RC reduces the tracking error by over 50%, from 9.5% to 4.5% (e rms = 3.6%). As the frequency of the reference signal increases beyond 2 Hz, the behavior of the RC begins to deteriorate due to the fact that the controller gain reduces because of the 7 Hz cutoff frequency of the low-pass filter Q(z). It is pointed out that because the RC is designed with a one-period delay (e.g., N = 1000 for 1 Hz frequency), the controller begins to take effect after the first period, as shown in Fig. 14 . Compared to the PID controller, the RC tracking error diminishes with each operating period, where steady-state behavior is achieved after approximately six cycles for tracking a triangle reference trajectory at 1 Hz (see Fig. 14) . The response measured by the laser sensor closely matches the measurement from the strain signal, indicating the effectiveness of using the strain gage for displacement measurement and feedback control. The simulated response of the both controllers is compared in Fig. 14(d1) and (d2) . For the sine wave reference input, the simulated tracking errors for the PID and RC closely match the measured tracking error in Fig. 14(c1) . Likewise, for the triangle reference, the simulated tracking error for the RC agreed with the measured response. For the PID controller, the magnitude of the simulated error agrees with the measured response. It is pointed out that additional improvement in the tracking precision can be achieved by integrating the PID controller into the RC design, that is, replacing k rc with a PID controller to further enhance the closed-loop performance. Likewise, an internal feedback loop can also be used to account for unmodeled dynamics such as the slow back-relaxation effect.
In summary, the experimental results demonstrate the effectiveness of using strain gages for sensing the motion of IPMC in water for feedback control. One unique advantage of resistive strain gages is compactness. The gages can be bonded to the surface of the IPMC or embedded into the polymer material. By incorporating additional gages arranged in appropriate orientations, both bending and twisting behaviors can be measured, and subsequently, used as feedback information. The measured response also shows that RC can be employed for tracking oscillatory reference trajectories in IPMCs for underwater applications, where the tracking error can be reduced by approximately 50% compared to PID control.
VI. CONCLUSION
This paper discussed the application of resistive strain gages for displacement sensing and feedback control in IPMC actuators. Particularly, the displacement of the IPMC actuator was measured by a strain gage sensor bonded to the surface electrodes of the IPMC actuator. Strain gages are low cost, practical, effective, and importantly, compact compared to existing technologies for displacement sensing. The strain signal was used in the design of a discrete-time RC for tracking period reference trajectories in an IPMC actuator submerged in water. The tracking results showed that the combined control and sensing scheme can minimize the tracking error by approximately 50% compared to PID control for tracking of periodic signals including sinusoidal and triangular wave forms.
